ABSTRACT Muscarinic acetylcholine receptor activation induces a loss of muscarinic receptors from cultured neuroblastoma and epjnbryonicychicken cerebrum cells. As Many theories of information processing in the central nervous system are based on the postulate that synaptic communication can be modified (1-4). On a cellular level, gross modification conceivably could occur thropgh synaptic rearrangement (5).
centration upon prolonged stimulation (11; 12) . Neuroreceptors outside the nervous system behave similarly. The development of supersensitivity in muscle cells after denervation of the diaphragm is due to a 20-fold increase in nicotinic acetylcholine receptor concentration (13, 14) . Direct addition of cholinomimetics to cloned muscle cells recently has been shown to decrease nicotinic receptors by as much as 50% (15) . In the pineal gland f3-adrenergic receptors undergo circadian changes in concentration (16) , whereas in red blood cells (17, 18) , and in fibroblast cell lines (19) activation of f3-adrenergic receptors stimulates a loss of receptor sites beyond that due to irreversibly bound activators (20) .-a-Adrenergic receptor density decreases in human platelets exposed to epinephrine (21) . Within the central nervous system, catecholamine receptor density reportedly changes in response to drug treatment of experimental animals (22) (23) (24) (25) .
In an earlier communication, we reported our discovery that muscarinic acetylcholine receptors (MAcChoR) were another major class of neuroreceptors that could be regulated (26) . In the neuronlike hybrid cell line NG108-15, receptor activation caused a loss of binding sites for the specific muscarinic marker quinuclidinyl benzilate (QNB) (27) (28) (29) and a parallel decrease in the ability of acetylcholine to inhibit adenylate cyclase (30) . Agonist-induced loss of muscarinic receptors in cultured heart cells has been noted (31) . In this report, we extend our previous work to show that regulation is a common property of muscarinic receptors, including those found in the central nervous system. By using cell cultures, we (Fig. 1) . Over (27) (28) (29) 34 Table 2 , did not further decrease binding sites, but did maintain receptors at the reduced level.
Method for Calculating Rate Constants for Receptor Appearance and Disappearance. We have analyzed the rate of receptor loss graphically to obtain constants for receptor appearance and disappearance without using protein synthesis inhibitors. Kinetic analysis of the turnover of induced enzymes, discussed by Schimke (38) , has been applied here to the turnover of activated receptors. In this analysis, dR/dT = A -DR, where R is receptor concentration, A is taken to be a zeroth order rate constant for receptor appearance, and D is taken to be a first-order rate constant for receptor disappearance. If Cellular Mechanism of Receptor Regulation. NIE-115 cell cultures were incubated with various agents in order to discern which neuronal processes might be involved in the mechanism of regulation. Receptor regulation was blocked to varying degrees (Table 3) by the microfilament disruptor, cytochalasin B (68%), the glycolysis inhibitor, deoxyglucose (26%), and the crosslinking agent, glutaraldehyde (100%). Four conditions were used in testing each agent: (i) No addition, (Hi) addition of carbachol, (iii) addition of agent alone, (iv) addition of agent for 30 min followed by addition of carbachol. The extent of carbachol-stimulated receptor loss thus was determined in the presence and absence of the perturbing agent. The effect of 4144 Neurobiology: Siman and Klein and have spontaneous activity (36) , atropine increases receptor levels, but in the adrenergic clone NlE-15 (37), which does not make muscarinic synapses, atropine does not affect receptor levels.
The basic features of experimentally stimulated receptor loss also are consistent with regulation's being a physiological response. The ability of carbachol to regulate is commensurate with its ability to bind to the receptor (compare Figs. 2 and 4) . Physiological doses of activator, equivalent to those that might occur in the synaptic cleft (39) and that are effective in regulating intracellular cyclic nucleotide concentrations (30) The turnover kinetics of activated receptors also are in harmony with a physiological role for receptor regulation. Regulation can occur in the absence of protein synthesis (unpublished results), indicating that activation increases the rate of' disappearance. The half-life of the activated receptor is 1.6 hr, and the accelerated rate of disappearance is constant throughout the time activator is present (Fig. 4) . Thus, even though the change from one steady state to the next takes 9 hr, the accelerated rate of receptor disappearance begins essentially upon addition of activator. This suggests a sensitive, highly responsive mechanism suitable for regulation by bursts of activity. In support of this, we have found that both nonsaturating doses of activator (Fig. 3) and intermittent activation (unpublished results), are sufficient for regulation. Although the method of analysis used here has not previously been employed in receptor studies, it appears to be a useful tool for determining turnover rate constants, especially because it obviates the need to block protein synthesis.
Ample evidence supports a correlation between receptor density and cellular responses to transmitter stimulation. We have reported that loss of muscarinic receptors in the NG108-15 hybrid cell line (26) is accompanied by a decreased ability of acetylcholine to inhibit adenylate cyclase (30) . Muscarinic function in heart cells also is dependent on receptor density (31) . Loss of 3-adrenergic receptors in the pineal gland appears to account for the decreased ability of norepinephrine to stimulate cyclic AMP formation (16) . In myasthenia gravis, a disease accompanied by nicotinic receptor loss (40) , the debilitating symptom is decreased muscle responsiveness. A logarithmic relationship between nicotinic receptor density and muscle sensitivity to acetylcholine has been established (41) . Furthermore, receptor density appears to correlate with synaptic responsiveness at the neurological level, because partial pharmacological blockade of receptors causes profound behavioral alterations (42, 43) . Changes'in synaptic strength as a result of regulation of receptor concentration thus could be significant in the integration of synaptic signals.
The molecular mechanism by which muscarinic receptors are regulated is largely unknown. Decreases in insulin and epidermal'growth factor receptors appear due to internalization of receptors (44) (45) (46) , consistent with regulation at the level of receptor disappearance. Our (48) . It has been hypothesized that internalized receptors play a role in the long-term consequences of hormone action (49) . Conceivably, in addition to serving as a negative feedback mechanism for synaptic-communication, internalization of neuroreceptors also could be important in mediating neurotrophic phenomena.
